Oxytocin administration, which may be of therapeutic value for social disabilities, likely influences endogenous levels of other socially-relevant hormones. However, to date, the effects of oxytocin administration on endogenous hormones have only been examined in typical males.
Introduction
The neuropeptide hormone oxytocin is known to modulate social behaviour across mammals including humans [1] . For this reason, oxytocin has attracted interest for its potential therapeutic applications in psychiatric conditions characterized by difficulties in social behaviour [2, 3] .
Intranasal administration, a means of drug delivery to the brain [4] , has become the standard method of assessing the effect of a single hormone such as oxytocin on behaviour. Despite recognition of the complexities of the neuroendocrinology underlying human social behaviour and cognition [5] , oxytocin administration studies rarely consider the potential influence of other socially-relevant hormones when interpreting the results.
Short-term manipulation of oxytocin is likely to influence endogenous release of other hormones expected to exert their own effects on social behaviour [6] . For example, increased testosterone levels have been reported in men who received oxytocin nasal spray versus placebo [7, 8] , and levels of arginine vasopressin, a neurohormone closely related to oxytocin, increased in men and women following oxytocin administration [9] . Furthermore, the effects of oxytocin administration on parenting-related behaviors have been reported to depend on baseline endogenous testosterone levels in both sexes [7, 10] . Interestingly, oxytocin and testosterone administration are noted to have opposing effects on various social behaviours in typical populations and to show opposite patterns of alteration in psychiatric conditions such as autism and schizophrenia [11] , although both hormones have rarely been assessed within the same individuals. While such multi-hormone interplay and its relevance to human social behaviour are yet to be fully elucidated, interactions among oxytocin and sex steroid hormones are well documented in animal research. 4 4 Using in vitro receptor autoradiography, testosterone has been shown to inhibit oxytocin receptor binding in the brains of male mice [12] . Castration increases the number of oxytocin immunoreactive neurons in the paraventricular nucleus of male mice, while castration plus testosterone implants decreases this number [13] . In rats, Leydig cells cultured with oxytocin or an oxytocin agonist produce higher levels of testosterone, and this increase in testosterone production is mediated by the oxytocin receptor [14] . Oestradiol treatment in ovariectomised rats alters the distribution of oxytocin immune-stained neurons and oxytocin levels in brain regions including the lateral septum, striatum, and amygdala [15] . Pre-treatment with oestradiol enhanced the anxiolytic effect of oxytocin administration in female mice, possibly via enhancement of oxytocin binding density [16] . The likelihood of similar interactions between oxytocin and steroid hormones in humans is supported by an in vitro study of neuroblastoma cells demonstrating that the androgen receptor mediates down-regulation of oxytocin gene expression [17] . Taken together, these studies suggest a broadly inhibitory relationship between testosterone and oxytocin and a broadly synergistic relationship between estrogens and oxytocin, although these relationships may be further complicated by sex differences in steroid hormone levels and oxytocin receptor systems in the brain [18] .
People with autism spectrum conditions (henceforth autism) are an important clinical group to inform the exploration of the interplay among hormones and its effects on social behaviour. The social and communication challenges that characterize autism [19] have been associated with lower endogenous oxytocin levels in autistic children [20] [21] [22] . Furthermore, several lines of evidence support that elevation of sex steroid hormones like testosterone increases the likelihood of autism [23] [24] [25] . Nevertheless, sex steroid hormones have not been considered in previous 5 5 randomized controlled trials assessing the effects of oxytocin administration on social cognition in autistic individuals [26] .
To date, the effects of oxytocin administration on endogenous steroid hormone levels have only been examined in typical males. Weisman et al. [7] reported alterations in fathers' salivary testosterone levels after oxytocin administration relative to placebo. Gossen et al. [8] reported alterations in serum testosterone and progesterone, but not oestradiol, in typical men after oxytocin administration. Increases in testosterone levels after central oxytocin administration have also been reported in male squirrel monkeys [27] . Whether women show similar changes in steroid hormone levels following oxytocin administration, and if the same changes occur in individuals with an autism diagnosis, has not been examined. Given sex differences in the effects of oxytocin on neural activity and social behaviour [27, 28] , sex differences in the patterns of change in sex steroid hormones after oxytocin administration require clarification. To better assess oxytocin's potential as a therapeutic agent to improve social functioning in autism, further study of the interplay among oxytocin, other socially relevant hormones, and biological sex is warranted.
To address these questions, we analysed salivary oestradiol and testosterone levels in autistic and typical women before and after intranasal administration of oxytocin or placebo. The primary aim of this study was to assess changes in endogenous sex steroids after oxytocin administration and whether these changes differed with autism diagnosis. Additionally, these data were used to compare baseline sex steroid levels between autistic and typical women and to evaluate relationships of these hormones with two psychological variables linked to autism and sex steroid levels, namely the Autism-Spectrum Quotient (AQ) [30] and Empathy Quotient (EQ) [31] . Although there is no in vivo work on which to base predictions for women, given the 6 6 animal literature and possibility of hypermasculinized phenotype in autism [32, 33] , we predict that oxytocin administration will promote testosterone decreases in typical women and testosterone increases in autistic women-similar to previous reports for men. Further, we predict a higher balance of testosterone relative to oestradiol (E2:T ratio) in autistic women and/or women with higher levels of autistic-like traits.
Methods

Participants
A total of 45 women aged 18-50 years participated in this study. Of these, 16 had a diagnosis of autistic disorder/childhood autism or Asperger's disorder/syndrome based on DSM-IV or ICD-10 criteria (Autism group) and 29 were typical (Typical group). The two groups did not differ significantly in age or Full IQ (Table 1) . No participant had a history of psychotic disorders or substance use disorder, any genetic syndrome associated with autism, intellectual disability, pregnancy, epilepsy, hyperkinetic disorder, Tourette's syndrome, or current or past use of antipsychotic, glucocorticoid, psychostimulant, or antihypertensive drugs. Use of hormonal contraceptives and anti-depressants was permitted, as a significant proportion of the study population was expected to be taking such medication.
Experimental design
This study was approved by the NHS Research Ethics Service (NRES Committee East of England-Cambridge Central, reference 14/EE/0202). All participants provided written informed consent prior to experiments.
Data were collected as part of a larger neuroimaging study [34] with a double-blind, placebocontrolled, within-subjects crossover design. Each participant was randomly assigned to receive 7 7 placebo or oxytocin first, with the second session taking place a minimum of one week later. For normally cycling women, both sessions were scheduled during the luteal phase of the menstrual cycle.
On the day of the experiment, participants underwent a short health screening by a trained clinician and were deemed fit to participate. Participants received either a dose of 24 IU oxytocin (Syntocinon, Novartis, Switzerland) or placebo (prepared by Newcastle Specials Pharmacy Production Unit) and were instructed to self-administer three puffs to each nostril. Following administration, participants rested for approximately 20 minutes.
Psychological self-report questionnaires were completed in advance of the experiment day. The Autism-Spectrum Quotient (AQ) assesses autistic-like traits in adults of normal intelligence [30] , while the Empathy Quotient assesses cognitive and affective domains of empathy [35] .
Saliva collection
Participants were instructed to refrain from consuming caffeinated beverages the day of the experiment and to refrain from consuming alcohol for 24 hours prior to testing. Saliva samples were collected at three timepoints: (1) prior to administration (baseline), (2) shortly after intranasal administration of placebo or oxytocin (6 ± 4 min post-administration), and after completion of experimental fMRI tasks not reported here (96 ± 19 min post-administration). In total, six saliva samples (three under the oxytocin condition, three under the placebo condition) were collected per participant. Saliva samples were collected by passive drool and frozen immediately at -80 °C until analysis. 8 8 Salivary hormone level analysis is a minimally invasive method commonly used in behavioural research [36] . Salivary oestradiol and testosterone were analysed using commercially-available enzyme-linked immunosorbent assay (ELISA) kits designed specifically for use with saliva (Salimetrics, USA). Assays were performed by the NIHR Cambridge Biomedical Research Centre, Core Biochemical Assay Laboratory. Each saliva sample was analyzed in duplicate.
Salivary hormone analysis
Most samples showed high internal reliability (average coefficient of variation (CV) < 10% for testosterone and < 15% for oestradiol); samples with a higher CV were successfully re-analysed.
The inter-assay CVs for the low and high control were 9% and 7% for the oestradiol assays, respectively, and 12% and 10% for the testosterone assays.
For two samples, the obtained oestradiol concentration was below the detection limit of the kit (<0.1 pg/ml); as oestradiol values for other samples from those individuals were well above the detection limit, the low values were deemed invalid measurements and excluded from analysis.
One baseline testosterone value and one baseline oestradiol value were identified as outliers (±3 standard deviation (SD) of the mean). As these measurements appeared to be valid (i.e., other samples from the same participant were at the higher range), they were set as the next highest value that was not an outlier.
Baseline hormone levels were calculated as the mean of the two samples collected before administration per participant. To assess the balance of the two hormones, in line with best practices [37] , the baseline oestradiol to baseline testosterone ratio (E2:T ratio) was computed as log(baseline oestradiol) -log(baseline testosterone). To explore changes in hormone levels across time, the percent change relative to baseline ((final -initial)/ initial) was calculated for time point 2 (~5 min post-administration) and time point 3 (~90 min post-administration). 
Statistical analysis
Data are presented as mean and standard deviation. Baseline hormone levels and psychological variables were compared between the Autism and Typical groups using Welch's t-test. First, paired t-tests were used to assess changes in hormone levels within participants over time. Pre-to post-administration changes in salivary oestradiol and testosterone levels between groups (Autism or Typical) and drug condition (oxytocin or placebo) were then assessed by analysis of variance (ANOVA). Tukey's honest significant difference (HSD) test was used for post-hoc tests, which maintains the familywise error at p = 0.05 for multiple comparisons. Because linear regression can be sensitive to small datasets with high variability, robust regression using iterated re-weighted least squares was also performed. Robust regression attempts to ignore or downweight unusual data [38] , offering further support that results are not driven by a small number of highly influential datapoints. Statistical analyses were performed using R version 3.5.1 [39] .
Effect sizes were calculated using the "effsize" package and the "MASS" package was used for robust regression.
Results
Participant characteristics and baseline hormone levels
A comparison of demographic characteristics, questionnaire scores, and baseline hormone levels between the Autism and Typical groups is presented in Table 1 . The two groups did not differ significantly in terms of age, IQ, baseline oestradiol, or baseline testosterone. Psychological variables differed between groups, with autistic women having substantially higher AQ scores and lower EQ scores than typical women. Baseline oestradiol and testosterone levels were not Supplementary Table S1 ).
Next, we explored the relationship between balance of baseline hormones (E2:T ratio) and psychological traits. As shown in Figure 1 , greater oestradiol relative to testosterone was negatively correlated with AQ score (r = -0.35, p = 0.018) and positively correlated with EQ score (r = 0.35, p = 0.02) in the overall sample. Similar patterns were present when correlations were determined separately for the two groups (Autism; r = -0.22, p = 0.43 for AQ, r = 0.45, p = 0.10 for EQ; Typical: r = -0.25, p = 0.24 for AQ, r = 0.14, p = 0.43 for EQ), although statistical significance was not achieved with the smaller sample sizes.
Pre-to post-administration changes in salivary oestradiol and testosterone
Mean salivary oestradiol and testosterone levels across the three time points, separated by group and drug condition, are presented in Figure 2 . Changes in oestradiol and testosterone levels for individual participants across the three time points are shown in Supplementary Figures S1 and   S2 , respectively. For the overall sample, both oestradiol and testosterone showed small but To assess the effects of group (Autism or Typical) and drug condition (oxytocin or placebo), as well as their interaction, on pre-to post-administration oestradiol and testosterone levels, 2×2
ANOVA was performed. Given the individual variation in hormone levels, the percentage change from baseline was used in the analyses to normalize the data at an individual level.
From time point 1 to 2 (~5 min after administration), there were no significant effects of drug condition or group on either oestradiol or testosterone levels (Supplementary Table 1 and 2, respectively). From time point 1 to 3 (~90 min after administration), a significant group effect, but not a drug condition effect or group × drug interaction, was found for %change oestradiol ( Table 2 ). The mean %change oestradiol from time point 1 to 3, not accounting for drug condition, was +12% for the Autism group and -10% for the Typical group (Tukey HSD, p = 0.01, 95% confidence interval of difference: 5.0-39.4%). A significant group difference was also found for %change testosterone from time point 1 to 3 ( Table 2 ). The mean %change in testosterone, not accounting for drug condition, was +7.8% for the Autism group and -13.9% for the Typical group (Tukey HSD, p = 0.002, adjusted for multiple comparisons, 95% confidence interval of difference: 7.8-35.6%). Under the oxytocin condition the difference in %change testosterone from time point 1 to 3 between groups was even larger (Figure 3) , with a mean change of +14.4% for the Autism group and -15.2% for the Typical group (Tukey HSD, p = 0.018, 95% confidence interval of difference: 3.8-55.6%).
Robust regression was performed to ensure that the overall results were not driven by hormone which again did not change the overall results. Further highlighting the distinct patterns of testosterone change under the oxytocin condition, 11 of 16 autistic women (69%) showed a testosterone increase, whereas only 8 of 29 (28%, including 3 with an increase < 5%) typical women showed a testosterone increase.
Discussion
In the present study, we sought to identify interactions between oxytocin and steroid hormones that could potentially influence the outcomes of oxytocin administration in experimental and clinical settings. Given the underrepresentation of women in both autism research and endocrinology research, this work has made several important contributions to a sparse literature.
First, on average, women in our study showed small but significant decreases in both salivary oestradiol and testosterone levels over time, which is consistent with expected diurnal rhythms of sex steroid hormone [40] . However, post-hoc tests revealed that decreases in hormone levels over time were limited to typical women, with autistic women instead showing average increases. Oxytocin enhanced the between-group difference in %change testosterone, with the majority of autistic women (11 of 16) showing an increase and the majority of typical women (21 of 29) showing a decrease over time. The pattern for autistic women is in line with findings by Gossen et al. [8] that oxytocin increased men's testosterone levels, which peaked 120 minutes after administration. In a study by Weisman et al. [7] on the effects of oxytocin administration on parent-child interactions, fathers' testosterone levels decreased over time, but those who received oxytocin had significantly higher testosterone levels at 40, 60, and 80 minutes after administration relative to the placebo condition. The pattern observed in autistic women is consistent with the idea of a masculinized phenotype [32, 33] , as they showed sex hormone responses to oxytocin that are more like those of typical males. In the typical women in our study, we see no evidence that oxytocin elevated testosterone levels relative to placeborather, testosterone levels were slightly higher under the placebo condition (~5 min postadministration: 56.4±18.9 Placebo, 52.7±17.3 Oxytocin; ~90 min post-administration: 54.7±15.6
Placebo, 52.4±16.2 Oxytocin).
As testosterone levels tended to increase under both the placebo and oxytocin conditions in autistic women, this begs the question of why. Endogenous testosterone levels are reported to increase in contexts related to competition and mating [41] , neither of which is applicable to our experimental context. One possibility is that autistic women experienced more stress during fMRI scanning, as elevated testosterone levels have been reported in response to social and physical stress [42] . How oxytocin-which is generally considered to have anxiolytic effects [43] -may influence stress hormone levels in humans is presently unknown. However, if oxytocin deficiencies do exist in autism, oxytocin may enhance stress response, as shown in a rodent model of oxytocin-deficient female mice [44] . Grillon et al. [45] demonstrated that oxytocin can increase anxiety in humans, specifically defensive response to an unpredictable threat. Therefore, it is possible that the testosterone increase observed in our autistic group was related to heightened stress response. If oxytocin indeed has anxiogenic effects in certain individuals, they will be unlikely to benefit from therapeutic interventions involving oxytocin. Furthermore, our data presented a rare opportunity to compare salivary hormone levels between autistic and typical adult women. Ruta et al. [25] and Xu et al. [46] reported no difference in oestradiol levels in blood between a mixed sex population of autistic adults (33 men, 25 women) vs. controls and 61 mothers of autistic children vs. control mothers, respectively. Ruta et al. [25] further reported no difference in testosterone or the testosterone to oestradiol ratio between autistic and typical individuals. By contrast, Schwarz et al. [47] reported elevated testosterone levels in 23 women with Asperger's syndrome relative to controls, and Xu et al. found elevated testosterone levels in mothers of autistic children relative to control mothers [46] . While our study has the advantage of comparing testosterone levels in two samples collected at least one week apart, which should be a more reliable baseline than a single measure as used in the studies described above, our study was underpowered to detect a small difference in testosterone levels between autistic and typical women due to the small sample size and high variability in salivary testosterone.
Recent findings that medical conditions associated with elevated testosterone, such as polycystic ovary syndrome, are more common in autistic women [24, 48] supports potential roles of dysregulation of sex steroid hormone systems in autism, even if such differences are not reliably found in blood or saliva samples. Although it did not meet the threshold for statistical significance, the difference in testosterone levels between the autistic and typical women in our study was in the expected direction (see Table 1 ).
Interestingly, the ratio of testosterone to oestradiol was positively correlated with autistic-like traits in our overall study sample, and negatively correlated with self-reported empathy.
Although the correlations are modest, they are broadly consistent with previous reports of associations between hormone measures and social traits in children and women. Prenatal testosterone levels, as measured in amniotic fluid, are positively and negatively correlated, respectively, with scores on the childhood versions of the Autism-Spectrum Quotient [49] and Empathy Quotient [50] . Adult women with elevated testosterone levels due to congenital adrenal hyperplasia are reported to have higher levels of autistic-like traits than controls [51] , whereas girls with lower testosterone levels scored higher on cognitive empathy than girls with higher testosterone [52] . While differences in prenatal sex steroid hormones have been posited to contribute to sex differences in autistic-like traits and empathy [53] , these data suggest that postnatal hormone levels contribute to individual differences in psychological traits within one sex and that consideration of multiple hormones within one pathway may be a better representation of this relationship.
This study has several limitations. First, as this was primarily a neuroimaging experiment, participants were scheduled based on scanner availability rather than within a narrow time window typically used for hormone studies. However, time of day may not significantly affect salivary testosterone levels in women [54] . Participants were scheduled during the luteal phase of the menstrual cycle, and we relied on self-report for this determination. Similarly, use of hormonal contraceptive was self-reported, although these variables may not strongly influence testosterone levels in women [54] . Lastly,
given the relatively small sample size and lack of previous studies assessing post-oxytocin administration hormone changes in women, further studies are needed to confirm whether typical and autistic women show opposite patterns of sex steroid hormone changes in response to oxytocin, with autistic women showing a pattern of increase in testosterone more like that previously reported in typical men.
Notably, not all autistic women showed increased testosterone levels and not all typical women showed decreased testosterone levels after oxytocin administration. Whether individual changes in endogenous hormone levels are related to the effects of oxytocin on behavior-particularly the social behaviours that oxytocin administration aims to enhance in clinical populations-is yet to be tested. In a recent oxytocin trial in autistic children, Parker et al. [55] found that low pre- treatment baseline oxytocin levels were predictive of improvement in social functioning with oxytocin. In an oxytocin administration study of typical women, oxytocin administration was found to decrease response time to face stimuli, but only among women with high endogenous testosterone levels [10] . Given the inconsistent findings of oxytocin clinical trials to date [56, 57] and the seemingly opposite roles of oxytocin and testosterone in neuropsychiatric conditions including autism and schizophrenia [11] , the possibility that baseline sex steroids or oxytocinassociated changes in sex steroids could serve be a biomarker of response may help to identify autistic people expected to benefit most from interventions involving oxytocin. Hormonal contraceptive use (n) 0 8
Psychological variables
Autism-Spectrum Quotient (AQ) 37.1 ± 5.1 14.1 ± 7.5 < 0.01 ** 3.4
Empathy Quotient (EQ) 20.7 ± 11.7 54.6 ± 14.0 < 0.01 ** -2.5
Baseline hormone levels 2
Baseline oestradiol (pg/ml) 1.0 ± 0. 
